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Abstract 
NiFe2-xBixO4 (x = 0, 0.1, 0.15, 0.20 and 0.25) nanopowders were synthesized via chemical co-precipitation method. The precursor gels 
were sintered at 973 K in air for 2 h to obtain the single phase pure nanostructured NiFe2-xBixO4 spinel. The crystal structure and magnetic 
properties of the substituted spinel series of NiFe2-xBixO4 have been investigated by means x-ray diffraction and vibrating sample 
magnetometer. The values of the saturation magnetization and the coercive field of NiFe2-xBixO4 nanoparticles were found to decrease 
with increasing degree of bismuth substitution. The room temperature real and imaginary part of permittivity was measured from 1MHz 
to 1.8GHz. The real part of permittivity was found to increase with increase of bismuth content. The room temperature electron 
paramagnetic resonance was studied to investigate the magnetic properties at microwave frequency. 
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1. Introduction 
The particle size- and shape-dependent magnetic properties of MFe2O4 nanomaterials [1] can additionally be changed by the 
substitution of M2+ and/or Fe3+ cations. Bismuth ferrites, a large family which includes sillenite and perovskite-type 
compounds, have recently drawn much interest  due to their physical properties and technological applications [2,3 ]. The 
recognition of the potential usefulness of this materials in tunable high-frequency devices decades back. However, due to 
various reasons related to both device electronics and materials technology, it is only in the past decade that intensive 
development efforts are being made in this direction. The main driving force for this resurgent interest is the potential for 
substantial miniaturization of microwave (MW) components and systems (accompanied also by a large cost reduction) and 
the potential for integration with microelectronic circuits due to the development of thin and thick film technology. The 
desired material properties are quite well known: a high tunability and low dielectric losses are required.  For this the 
measurements could be taken from kHz-GHz and to evaluate the performance of the material at GHz frequencies. Bi based 
ferrites and manganites have attracted considerable attention [4-6–7] because of simultaneous ferroelectric and magnetic 
order nothing but multiferroic behaviour, presents not only opportunities to study fundamental physics but also potential 
applications in information storage, spintronics, and sensors [7-9].  
The system under the present investigation is bismuth-substituted nickel nanoferrite, NiFe2-xBixO4 (x = 0, 0.1, 0.15, 
0.20 and 0.25), prepared via co-precipitation method. Although a lot of work concerning the substituted nickel ferrites has 
already been done [10, 11], to the best of our knowledge, there is no report in the literature on the co-precipitation prepared 
nanocrystalline NiFe2-xBixO4. The effect of substitution of magnetic Fe3+ ions by diamagnetic Bi3+ cations on the structural 
and magnetic properties of the ferrite is investigated in the present fundamental study.  It is well known that the un-doped 
nickel ferrite (NiFe2O4) is basically an inverse spinel ferrite, in which tetrahedral (A) sites are occupied by ferric ions, and 
octahedral [B] sites by ferric and divalent nickel ions; thus, the crystal-chemical formula of this compound can be 
represented as (Fe3+)[Ni2+Fe3+]O4 [10].  
The magnetic and electrical properties of NiFe2-xBixO4 synthesized by chemical route and sintered at 1198K/3h 
[12] and NiFe2-xBixO4 (x=0.0.1.0.15) by so-gel/thermal route [13] are reported in the literature. Here we present synthesis-
property correlations in NiFe2-xBixO4  (x=0.0.1.0.15,0.20 and 0.25) synthesized using a “green” aqueous chemical route,  the 
synthesis technique studied here is simple, quick, energy efficient, solvent free, cost-effective, and easily scalable. Hence 
this method is a viable and eco-friendly alternative to other synthesis techniques like sol-gel, auto-combustion, forced 
hydrolysis etc. 
This paper deals with the systematic study on synthesis of these materials by co-precipitation method and characterization 
of dielectric permittivity at microwave frequencies and room temperature magnetic properties.  
2. Experimental 
The nanoparticles of NiFe2-xBixO4 was prepared using nickel nitrate [Ni(NO3)2·6H2O], bismuth nitrate [Bi(NO3)2.5H2O] and 
ferric nitrate [Fe(NO3)2·9H2O] solutions taken in stoichiometric ratio. These reagents were dissolved in 50 ml of deionized 
water. An aqueous NaOH solution was added to the mixture and maintained pH at ~9.4.  The mixture was stirred at 60°C 
for 2h.The precipitation was washed repeatedly with de-ionized water, followed by drying in an oven overnight at 60°C. 
The particle sizes of as-synthesized powders were estimated by Transmission Electron Microscope (TEM, JEOL). The 
powders were uniaxially pressed at 2.5 Kg/cm2 into pellets by adding 2wt.% of Polyvinyl alcohol (PVA) which acts as a 
binder (8 mm diameter and 1.5 mm thickness) for dielectric measurements, and densified at 973K/2h.  The sintered samples 
were characterized by Phillips PANanalytical X’pert powder X-ray diffraction (XRD) with Cu-Kα (λ=1.5406Å) radiation. 
 
The lattice constant (a) for the cubic crystal system was calculated using the equation  
2 2 2a d h k l     where hkl are the Miller indices of the diffraction peak and d is the interplanar spacing. 
The average crystallite size was calculated from Scherer formula  
cosm
KD O E T  where K is a constant, λ radiation wavelength β is full width half maxima (FWHM) and θ is 
the diffraction angle.   
 
The morphology of the powders was studied using field emission scanning electron microscopy (FE-SEM, ZEISS).  
Accurate density measurements are an important part of characterizing the physical properties of ferrites. Archimedes' 
method was used to determine the density of the samples. The bulk density of the sample was calculated from precise 
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measurements of the dry, saturated, and suspended weight. The weight loss of the sample in the water was measured using a 
digital balance with an accuracy of 0.001mg. The bulk density of the samples was calculated using the below formula:                      
                                                                                                                    
 
 
 
Where Mair is mass of the sample in air and Mxylene is mass of the sample in xylene. 
 
The X-ray density (dx-ray) of individual ferrites was calculated from the values of lattice parameters by using the relation 
                                      33
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Where M is the molecular weight and N is the Avogadro number and ‘a’ is lattice constant. 
 
With the knowledge of dbulk and dX-ray the percentage of porosity (P%) has been estimated using the following relation         
 
 
 
 
The room temperature frequency dependence of complex permittivity and permeability was measured in the range from 
1MHz to 1.8GHz using Agilent 4291B Impedance/Material Analyzer. The room temperature saturation magnetization (Ms) 
and coercive field (Hc) were studied using vibrating sample magnetometer (VSM, Lakeshore 7500, USA) up to 1.5T. The 
room temperature electron paramagnetic resonance was studied in (X-Band) using JEOL JES-FA200 at 9.8GHz 
3. Results and discussion 
3.1 X-ray diffraction 
The XRD patterns of the as-prepared nickel–bismuth ferrites with various Bi3+ concentration (x=0, 0.1, 0.15, 0.20 and 0.25) 
are shown in Fig.1. The diffraction patterns of the samples confirm the formation of spinel phase.  The lattice parameter of 
NiBixFe2-xO4 samples increases with increasing Bi3+ concentration, and it is given in Table.1. This could be attributed to the 
larger ionic radius of Bi3+ (1.31Å) than Fe3+ (0.66Å) ions [14].  The X-ray density (dx-ray) and bulk density (dbulk) of 
individual ferrites was calculated from the values of lattice parameters by using the above relation [15] and are presented in 
Table.1. 
  
 
 
 
 
 
 
 
             
 
 
 
                         
                                               Fig 1. XRD patterns of NiFe2-xBixO4 ferrite with different compositions. 
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3.2 Microstructural studies 
Fig 2 shows TEM images of NiBixFe2-xO4 for all the ‘x’ values. As bismuth increases particles size increases from 20 at x = 
0 to 36nm for x= 0.25 and the values are given in table.1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
Fig.2.TEM images of NiBixFe2-xO4 for all values of ‘x’ explored.  Fig.3. FE-SEM images of NiBixFe2-xO4 for four different  
                                                                                                                        ‘x’ values. 
 
 
 
 
 
 
Table 1. Data of particle size, x-ray and bulk density, porosity and grain size of NiBixFe2-xO4 for all the values explored. 
 
Fig.3. shows the FE-SEM images of all the sintered samples, as bismuth content increases samples were well 
sintered and maximum density obtained, and it increased the grain size of the samples. The increase in the grain size 
decreases the grain boundary region. The samples become denser and more homogeneous. Low porosity, high density, and 
increasing grain size can increase the dielectric permittivity. 
3.3 Dielectric studies 
The real and imaginary dielectric permittivites of NiBixFe2-xO4 are shown in Figs. 4(a & b). Both the dielectric constant ε′ 
and the loss factor ε″ curves for all the samples, decreases with increasing frequency, which is a typical behavior in ferrites. 
However, the loss factor showed a sudden increase at the higher frequency. The decrease can be explained using Koop’s 
phenomenological theory [16].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
x Lattice  
constant (Å) 
Particle size 
(nm) 
X-ray density 
(dx-ray) (g/cm3) 
Bulk density 
(dbulk) (g/cm3) 
Porosity 
(%) 
Grain size 
(nm) 
0.0 8.289 20 5.39 5.1 5 58 
0.10 8.295 23 5.64 5.5 2 65 
0.15 8.303 28 5.72 5.7 2 72 
0.20 8.314 32 5.89 5.8 2 78 
0.25 8.319 36 5.99 5.9 1 82 
a 
b 
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              Fig.4(a & b) Real and imaginary parts of permittivity NiBixFe2-xO4 with frequency from 1MHz-1.8 GHz. 
This theory considers the dielectric structure as an inhomogeneous medium of two layers of Maxwell–Wagner type 
[17]. The dielectric structure of a ferrite material is assumed to be made up of two layers, with the first conducting 
layer consisting of large ferrite grains and the second, made up of grain boundaries, which is a poor conductor. The 
formation of these two layers is a result of high sintering temperature. The electronic exchange between the ferrous 
and ferric ions, which produce local displacements in the direction of the applied external fields results in 
polarization. Above certain frequencies this electronic exchange does not follow the applied field and this caused a 
decrease in the dielectric constant. The loss factor is caused by the lag in polarization of the applied electric field, 
which results in energy loss. This is caused by impurities and imperfections in the crystal lattice. At the higher 
frequency end, the loss factor is caused by the conversion of movement of charges into vibration of the lattices that is 
phonons. This could be attributed to multiple reasons, particularly when the microscopic structure is complex. With 
increase of Bi3+ concentration ε′ is found to be increasing. 
                                                                  Table 2. Room temperature values of complex permittivity (ε′, ε″) and complex permeability (μ׳, μ״).  
 
 
              
                         
               3.4 Magnetic studies 
Figs. 5(a & b) show the frequency dependent real part of permeability spectra for the present samples. It can be 
observed from the figure that the value of real part of permeability (μ') for x=0 is about 36.04 at 1MHz and remained 
constant with an increase of frequency upto 100 MHz. With further increase of frequency the value of μ׳ is found to 
increase and shows a relaxation peak at around 180 MHz. It can be observed from figures that the value of μ ׳ 
decreases with an increase of Bi3+ content in NiBixFe2-xO4. Fig 5b show the frequency dependence of imaginary part 
of permeability (μ'') for all the samples. It is observed that the value of μ'' for all the ferrites gradually increases with 
frequency and shows a broad maxima around 180 MHz, where the real part of permeability rapidly decreases, this 
phenomena is well known as natural resonance [18-20]. The values of ε′, ε″ μ׳ and μ״ at 1MHz frequency are 
tabulated in Table 2. From the complex permeability spectra of NiBixFe2-xO4, it was observed that the real part of 
permeability (μ׳) remained almost constant, until the frequency was raised to a certain value and then began to 
decrease at higher frequency. The imaginary part of permeability (μ״) gradually increased with the frequency and 
took broad maxima at a certain frequency, where the real permeability rapidly decreases. . As Bi3+ increases the μ׳ in 
the low frequency region below 1MHz decreases, as Bi3+ was increased the natural resonance frequency, where the 
imaginary permeability had a maximum value, shifts towards higher frequency side.  
Fig. 6 shows the variation of saturation magnetization (Ms) and coercive field (Bc) with Bi content for x = 0, 0.1,    
0.15, 0.20 and 0.25.  Ms and Bc decreases with increasing of  Bi3+ nanoparticles indicating that the Bi-substituted 
nickel ferrite can be used most efficiently as a soft magnetic material with negligible hysteresis loss. The decrease of 
both the saturation magnetization and the coercivity with increasing ‘x’ is explained due to the magnetic dilution of 
the ferrite system by non-magnetic Bi3+ cations [21]. 
 
 
 
 
        
                  
                
 
X ε′ ε″ μ׳ μ״ g 
 At 1MHz At 1MHz  
0.0 15.29 0.875 36.04 3.05 2.202 
0.10 21.95 0.893 32.85 2.75 2.235 
0.15 30.44 0.898 29.47 2.50 2.245 
0.20 39.51 0.972 26.75 2.42 2.265 
0.25 48.92 0.992 20.54 2.10 2.272 
a b 
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Fig.5(a & b) Real and imaginary parts of permeability NiBixFe2-xO4 with frequency from 1MHz-1.8 GHz 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
       Fig 6. Variation of Ms and Bc with Bi content.            Fig.7. EPR spectra of NiBixFe
2-x
O
4
 for all ‘x’ values explored. 
 
The coercivity of a magnetic material is roughly a measure of its magnetocrystalline anisotropy [22]. As the Bi 
content increases, the decreased coercivity shows that anisotropy decreases, which in turn decreases the domain wall 
energy [23, 24]. As the Fe3+ are substituted by Bi3+ the ferromagnetic interaction decreases and the antiferromagnetic 
superexchange interaction increases which leads to a decrease in coercivity and reduced magnetization. 
           Fe may exist in Fe2+ and Fe3+ ionic states, both of which are paramagnetic, the EPR spectra of ferrites are due to      
           Fe3+ ions[25] because Fe2+ ions have very short spin–lattice relaxation time and their EPR signal can be observed  
at very low temperature (close to liquid Helium temperature). The observed homogeneous (symmetrical) 
broadening for the prepared samples is inversely proportional to the so called spin–spin relaxation time [26]. The 
main contributions to this broadening are (1) dipole–dipole interaction between like spins, (2) spin–lattice 
interaction, (3) interaction with radiation field, (4) diffusion of excitons through the samples, and (5) motionally 
narrowing fluctuations of local fields. 
  In general, the variations of line width (ΔBPP) and lande’s g factor (geff) in these ferrites are caused by 
microscopic magnetic interaction inside the materials, mainly the interparticle magnetic dipole–dipole interactions 
and intraparticle super-exchange interactions. On the other hand, the interparticle superexchange between magnetic 
ions through oxygen can reduce the value of line width of the EPR signal in the spectra. The magnitude of this 
interaction is determined by the relative position of metallic and oxygen ions. When the distance between the 
metallic and oxygen ions is shorter and the angle between these two bonds is closer to 180◦, the super exchange 
interaction is stronger. 
The effective g value is matching with earlier reported values, but as Bi content is increasing it is becoming more 
symmetrical and the g value also increasing. The increased effective magnetic field by the magnetocrystalline 
anisotropy, as well as the interparticle dipolar interaction, is the reason for the high g value. For ferrimagnetic 
particles, the intrinsic moments are large (2.2 μB for NiFe2O4), so the magnetic dipolar interactions among these 
particles are strong, thus increasing the value of ΔBPP and geff. 
            4. Conclusions 
Nickel–bismuth ferrites with different Bi3+ concentrations(x=0, 0.1, 0.15, 0.20 and 0.25) were synthesized by 
chemical co-precipitation technique. The lattice parameter of the cubic ferrites increases with increasing x due to the 
larger ionic radius of Bi3+ in comparison to that of Fe3+ ions. The value of real part of permittivity (ε׳) with Bi3+ was 
found to be increased. The values of real part of permeability (μ׳) are found to be remained constant in the frequency 
range upto 100 MHz and at high frequency a relaxation peak is observed around 180 MHz. The imaginary part of 
permeability (μ״) for all the NiBixFe2-xO4 is gradually increased with frequency and shows broad maxima around 200 
MHz. The saturation magnetization (MS) decreases with increase of ‘x’. The substitution of the magnetic Fe3+ ions 
by nonmagnetic Bi3+ cations reduces the spin–orbit coupling leading to a decrease in the anisotropy constant of the 
ferrites. The Bi-substituted nickel ferrites exhibits soft magnetic behavior. 
            5. Acknowledgement 
            Dr K. Praveena is thankful to U.G.C., New Delhi for Dr D.S. Kothari Scheme for the Post-Doctoral fellowship. 
7 K. Praveena et al. /  Procedia Engineering  76 ( 2014 )  1 – 7 
6. References 
[1] Salazar-Alvarez, G., Qin, J., Sepelak, V., Bergmann, I., Vasilakaki, I.M., Trohidou, K.N., Ardisson, J.D., Macedo, W.A.A., Mikhaylova, M., 
Muhammed, M., Baro, M.D., Nogues, J., 2008. Journal of American Chemical Society 130, p. 13234. 
[2]Valant, M., Suvorov, D., 2002.  Chemistry of .Materials 14,   p. 3471. 
[3] Xiong, Y., Wu, M., Peng, Z., Jiang, N., Chen, Q., 2004. Chemical Letters 33, p. 502. 
[4] Hur, N., Park, S., Sharma, P.A., Ahn, J.S., Guha, S., Cheong, S.W., 2004. Nature 429, p. 392. 
[5] Wang, J., Neaton, J.B., Zheng, H., Nagarajan, V., Ogale, S.B., Liu, B., Viehland,  D., Vaithyanathan, V., Schlom, D.G., Waghmare, U.V., Spaldin, 
N.A., Rabe, K.M., Wuttig, M., Ramesh R., 2003. Science 299, p.1719. 
[6] E. Montanari, E., L. Righi, L., G. Calestani, G., A. Migliori, A., E. Gilioli, E.,F. Bolzoni,F., 2005. Chemistry of Materials 
17, p.1765. 
[7] Kimura, T., Goto, T., Shintani, H., Ishizaka, K., Arima, T., Tokura, Y., 2003. Nature 426, p. 55. 
[8] Cheng, J.R. ., Li, N. , Cross, L.E., 2003. Journal of. Applied Physics 94, p. 5153. 
[9] Cruickshank, David Bowie, and Michael D. Hill. WIPO Patent Application PCT/US2011/061733.  
[10] Nasr Isfahani, M.J., Myndyk, M., Eghbali Arani, M., Subrt, J.,  Sepelak, V., 2010. Journal of Magnetism and Magnetic Materials 322, p.1744. 
[11] Pal, M., Brahma, M., Chakaravorthy, D., 1996. Journal of Magnetism and Magnetic Materials 152, p. 370  
[12] Mohammad Javad Nasr Isfahani, Marjaneh Jafari Fesharaki, Vladimir  Sepelak, 2013. Ceramics International 39, p.1163 . 
[13] Eghbali Arani, M., Nasr Isfahani, M.J.,  Almasi Kashi, M., 2010. Journal of Magnetism and Magnetic Materials 322, p.2944. 
[14] Cullity, B.D., 1956. Elements of X-ray Diffraction, Addison-Wesley Publishing, Reading, MA.  
[15] Smit, J., 1971. Magnetic Properties of Materials, McGraw Hill Book Co., U.K. 
[16] Koops, C.G., 1953.  Physical Review 83, p.121. 
[17] Wagner, K., 1913. Annual Physics 40, p.817. 
[18] Smit J., and Wijn, H.P.J., 1959. Ferrites, Phillips Technical Library Eindhoven, The Netherlands p.134. 
[19] Snoek, J.L., 1948. Physica  XIV 4, p.207-217. 
[20] Naito, Y., 1933. ICF, Tokyo, Japan p.558. 
[21] Huang X., Chen, Z., 2004. Journal of Magnetism and Magnetic Materials 280, p.37. 
[22] Ramankutty C.G., Sugunan, S., 2001. Applied Catalysis A 218, p.39. 
[23] Reddy, C.V.G., Manorama, S.V., Rao, V.J., 1999. Senspors and Actuators B: Chemical 55, p.90. 
[24] Kasapoglu, N.,  Birsoz, B., Baykal, A.,  Koseoglu, Y., Toprak, M.S., 2007. Central European Journal of Chemistry 5(2), p.570. 
       [25] Sui, Y., Xu, D. P., Zheng, F. L., Su, W. H., 1996. Journal of Applied Physics 80, p.719. 
[26] Abragam, A., Bleaney, B., 1970. Electron Paramagnetic Resonance of Transition Ions, Clarendon Press, Oxford. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
